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H. F. Johnstone . - 
. Technical Director, Contract AT(30-3)-28 , . 

Engineering Experiment Station 
University of Illinois 

Urbana, Illinois 
# 

At the air Cleaning Conference at Ames in Soptember lP>2, reports were' 
. .given by the 1liinoi.s group on the fundamental investigations on aerosols which . were being studied at that time. The following reports have been prepared by 

the members of the research staff to show the status of the current work. 
Most of the work on the contract at Illinois is carried on by graduate 

students in Chemical Engineering. These men are being trained in research 
methods and in the applications of physics and mathematics to ae.rosol technology. 
By working as a group, they have the advantages of using standardized procedures 
and of group discussions. Of those who have completed their work, several have 

.taken positions in university and industrial laboratories where they have con- 
tinued their interest in fundamental and practical aerosol problems. Because of 
the need for greater kno-dledge in this field of science in this country, it is 
felt that the training of scientists is one of the important contributions.of 
the work. 
,' All of the work on the project is not supported diqectly by the AEC con- 
tract. A part of it is being carried on in the regular graduate thesis progrsm 
in Chemical Engineering, The work of Mr.,R. F. Xraemer on properties of charged 
aerosols falls in this category. During the past year, the Chemical Corps, 
through Contract No. DA-18-108-CbiL-478~, has expanded the investigation on the 
theory of filtration of very small particles. This work is being carried on bjr 
Dr. C. Y. Chen, a Research Associ&e in the Engineering Experinent Station. 
Since these otudics are related to the fundanental properties of aerosols, they 
are s.smm,srised here for the interest of those in the AEC who are concerned with _. 
aerosol work. 

During the year, one phase of the theoretical studies and one experimental 
program were completed. The results were reported in two technical reports as 
follows: 

"I. The Role of Particle Diffusion and Interception in 
Aerosol Filtration; II. Wtclrmination of the Drag on a 
Cylindrical Fiber at Lvd Roynoldz ?Iubcr". Technical 
Report No. 8, Serial No. SO-1003, Janunry 1, 1953; cf. 
also errata shoot issued with Technics1 Report No. 9. 
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“Particle Size Diotributi.on in Hygroscopic Aoroaolon. 
Tocbnical Roport No. 9, Serial No. SO-1010, Mny 1, 1953. 

.. This work wan prooontad at the Sympooium on Fumco and 
. . Mists at tho moetlng of the American Inotituto of Chemi- 

4x1 Englcocring in St. Louio, in December, 1953; the . 
paper was publiehed in Cheniical Engine? Proveos 
Sy~.~poslum Scrioo. 
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TUR.BmliT DEPOSITION AN-D TBE IGX.AVXOR 
OF DEPOSITS OF SOLID PARTICLES 

. 
bY 

S. K. Friedlander, Research Assistant 

., 
. 
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When a gae containing particles flows in turbulent motion past a surface, * 
some of the particles are deposited even though there ie no net velocity in the 
direction of the surface. Thia turbulent, deposition results-on the fluctuating 
velocity component normal to the collecting area. It occur8 in the movement of 
aerosols through straight ducts, through diffuser sections, and on any body whose, 
boundary layer becomes turbulent when passing through a gee containing particles, 
It undoubtedly contributes to removal in such devices aa cyclonea and cyclone 
scrubbers operated at high levels of turbulence. 

In essence, turbulent deposition Is a form of inertial removal in which 
sudden gusts of fluid move todarda the surface, change their direction, and 

.thereby cast out the particles which they carry. There is no real distinction 
between this phenomenon and impaction. For example, when a turbulent gas flows 
.pet a flat surface, the motion of the eddies toward the surface can be thought 
of a6 a series of impactions on flat plates, for which we have experimental snd 
theoretical dats. Similarly, a spherical water droplet moving out of phase with 
an eddy probably removes particles from the surrounding aeroeol'by impaction. 
The difficulty in a theoretical en&ysi~ of.turbulent impaction derivea from our 
inability in most cases to characterize the velocity and scale of the turbulence. 
Howevar) since Impaction is the mechanism of deposition, the important parameter 
should be the inertial group (2):. . 
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By studying the effect of those variables on turbulont dopoeition, one should at 
leaqt be,able to correlate experimental data, although prodiction of results 
from theory Is more difficult. _ * 

EQUIPXE??r . . . 
- . . ..- -- . . . . 

In order to study turbulent deposition and the behavior of deposits of 
solid particles, the equipment outlined in Fig. lwao eet up. The aerosol em- 

*‘ . ployed was carbonyl iron powder (-Grade SF) manufactured by the Antara Chemicals 
. Division.of the General Dyestuff Corporation. According to the manufacturer's 

catalog, the mm33 median diameter of the particle8 was 3 microns with a geometric 
standard deviation of about 1.4. This material was chosen because the particlea 
are quite spherical, easy to Eee under the microscope, and easy to disperse. 

-Tests disclosed that about 10 percent of the particles were agglomerates and 
most of these were doublets. It has the disadvantage of a density. (7.8 g./cc.) 
considerably higher than that of the usual aerosol particles. 

The Iron powder was placed in a brass "boat", about 1 l/2 fast long, wnich 
was pushed forward by a threaded steel rod of similar length attached to the 
shaft of a small 10 rpm. motor. In this way, the powder was fed at a steady - 
rate to an atomizing nozzle. In order to remove the larger particles and in- * 
crease the homogeneity of the aerosol, a l-inch cycione was Installed after the 
atomizer and before the mixing chamber leading to the ecpling tube. The aerosol 
concentration was determined by passing a known volume of air from the sampling 
tube through a MLl.ipore filter (Love= Chemical Co.). The main body of air . 
passed through a rotameter and was expelled from the syotem,by a Roots- 
Connersville blower. ---. . 

Two asmpling tubes have been used up to the present, one 5.4. mm. I.D. and 
the other 13 mm. I.D. Both tubes were of thin rqall Pyrex, and each was ground 
at one point to permit observation of the inner wall usfng a microscope with an 
oil immersion technique. The observation points for ths 5.4 and'13 mm. tubes 
were placed 50 and 30 diameters, respectively, from the entrance, to minimize 
entrance effects. In order to restrict the tests to a 'sown particle size, only 
those particles with diameters ranging from about 0.6 to 1 micron Kere counted 
both on the Millipora 
wall (for determining 
aseumedl i. . . . . 

RESULTS . 

In general, when particlou deposit on a surface, two atcges can be rccog- 
nized. Iti the first, the individual aerosol particles scatter about the surface 
and, u.nleBa the velocity is high (above 1GO ft./oec.), tthere is little re- 
entralnmcnt. In the second Etago, a6 a,rosult of Incr&%Eed depoEition clumps of 
particles appear asd prto of these msy break away, evc;l at moderate gas veloci- 
tiee. Since the first at&Co Ecomed more wonable to inveotigation, it ham re- 
ceived moot attention in our exporimontal work. 

The dopooitioa rate was characterized by dofining 8~ particle transfer co- 
efficient, Ji, with the dimonoiono of cm./min. . 
1 

filter (for determining concentration) and on the tube . 
depoeition), and a mean particle size of 0.8 microns was 
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whore . 
, 

N = dapooition rota, part,icles/(cm.2)(rnin.) .--- 

c = particle concentration, particlee/cc. 

'I _ 
4 plot of thio cocfficie~t a6 a function of velocity for both experimental tubes 
is shown iti Fig. 2. 
line. 

The data for both tube8 fall en8ontially along the same 
Xost evident, however, ic .the extreme effect of incrcaoing velocity on 

the transfer rate which is proportional to VP. The cauoo of thirJ extreme veloc- 
ity dependonce i8 not certain although a somewhat oFmilar effect 1~ found for 
ir,usction on flat plates (1). 
ILI~II velocity (180 ft./ mc.) 

In paesing, it should be noted that at the very 
in the nnaller tube, 2.5 percent of the particles 

were removed per inch of duct length. 
I.a.rger particles (those above 2 or 3 microns) appeared to'have a greater 

te=ldency to doposit tti the smaller sizes and this tendency would de predicted 
from the impaction mectiism; however, the larger particles are also reentraissd 
cokiderably fatiter sicce they project into the hzighar velocity regions of flow. 
Thun at high velocitlea, 
cles. 

the initial deposit con8ioted mootly of amallar parti- 
ThiLs effect haa alo~ been noted by Rumpf (3): 

1. Ranz, K. E. and Non& J. BE., "Jet Impctor6 for Determining the Particle 
Size DiBtributione of Aerosolo", &ng. Expt. Sta., Univeroity of Illlnoin, 
Tech. Report No. 

2. Ranz, 
4, Serial No. SO-1004, July 31, 1951. 

W, E. l~lld Wo;'q,, J. B., 
Enzn. men. 1;4, J-371 0952). 

"Impstion of Daut and Smo'ke Particles", Ind. 

3. RumpfE., "The Fo;7cetion of Finely Distributed Substances on' the Wa3Zl.e of 
Pipe Unee", Chcmie Iraeniour Toclmik, Part 6, p. 317, (1953). -- 
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COIUXTION OF AEROSOLS BY FIBER MATS 

by _.-. _ __ _. _ _ ._ _ __ ._ 
James B. Wo,ng, Research Assistant 

A ma3or class of aerosol filters consista‘of bede of individual fibers. ' 

The efficiency of collection and the pressure drop are the important practical 
considerations in the design of theoo fibrous filters. An understanding of the 
mechanisms by which tho particles are collected on isolated cylinders and the 
flow pattern around the cylinders is fundamental in the design. In view of the 
several mechanisms of particle collection, it is best to investigate them in- 

. dividually. In the present work, emphasis is placed on the mechanism of inertial 
. inpaction. This mechanism takes place when a particle approaching a fiber 

crosses the streamlines because of its inertia and atrikos the surface of the 
fiber, . .The work is divided into two pazts. Part I deals with the impaction of 
aerosol particlea on single cylinders (metallic wires) with axes perpendicular 

_ to the direction of the aerosol flow. Part II deals with the collection effi- ,, 

.diency and the pressure d,rop of fiber mata. 
I . 

PART I. IMPACTION ON SIX&R CYLIXDZRS (MFI‘ALLIC WIRES) 

The. theory of impaction of particles on circular cylinder8 with their cxes 
perpendicular to the direction of flow has beon studied by Sell.(l.Z), Albrocht 
(l), Izqgmuir and Blodgctt (z), Landahl and Herrmsnn (I), and Davies (3). Davies 

.' IEdicatea that the efficiency o, e inertial impaction should be a function of the 
inertial parameter \Ir and the Reynolds Number based on the diameter of the cylln- 
der. Albrecht, and Langmuir and Blodgett predict on theoretical grounds that a 
critical value of * exists below which inertial impaction does not occur. 

,Albrecht gives 0.09 whereas Langmuir and Blodgott give 0.0625 for the critical 
value.. The other authora do not indicate such a critical value. 

.Sjlzce exporlmoatal verification of the theoretical conclusions is lacking, 
the present work was undertaken with the purpose of ascertaining the correct 
function of the efficiency of inertial impaction and the oxistance or non- 
existence of the critical value of 9. 

'One-ml1 and 3-mil platinum wires and 2-mil and 4-mil tungsten wires were 
used as the circular cylinders. The average diameters from measurements under' 
the microscop3, were 29.0, 82.6, 53.1, and 105.7 microns, respectively, with a 
maximum deviation from the average of less than 9 percent. Homogcneoas sulfuric 
acid aerosols were used in the experiments. The aerosols were generated with a 
condensation aerosol gsnorator similar to that used by Sinclair and LaXer (3). 
The particle sizes were measured with a calibrated Owl (So. G-2) obtained from 
the U; S. Army Chemical Ccrpo. The acid concentration of the aerosol was de- 
termined by collecting a woighablo quantity of the particles in the cup of a 
high,velocity impactor (ll) and analyzing the contents of the cup by titrating 
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with 0.1 N sodium hydroxide solution. 
The gx~rimontal procedure included ganorating a homogeneous sulfuric acid 

aerosol of tho dooirod particlo size, impacting the aoroool particles on the 
we're which was perpendicular to tho direction of the aoroool flow, collecting 
the remnining particles in a glass fibor filter train, end an&zing the smount 
of acid collected on the wire. In ordor to collect enough acid on the wire for 
accurate analyoie, a brass dnun which could be rotated was attached to the top 

* of the impacting nozzle and about four feet of wire was unvound from the drum to 
pass through the nozzle during a run. The wire, after being exposed to the 

.* aerosol at the nozzle throat, was passed down into an 8-mm. Pyrex glass tube. 
~ _' At the end of the run, conductivity water was used to wash off the acid particle8 
. impacted on the wire and the quantity of acid was determined by measuring the 

concentration of the wash eolution with a precision conductivity bridge and dip' 
cell which accurately indicated concentrations aa low as 10-6 N. From the quan- 
tity of acid Fmpacted on the wire and the total amount of acid in the aerosol 
passing the nozzle, the efficiency of impaction could be calculated. 

Figure 1 showe the experimental impaction efficienciee on the four wiree. 
'. The range oD I variables represcntod are: Dp, diameter of aerosol particles, 0.56 

_ .to 1.40 microns; Vor velocity of the aerosol stream passing the wires, 400 to 
5100 cm./sec.; and Reynolds Nuinber (NRe = DC TOP/p) based on the measured wire 
diametera, 13.0 to 330. The density of the sulfuric acid particles, Pp, was 
substantially constant with an average of 1.48 g,/cc. C is the Cunninghsm cor- 

_ rection factor and P is the viscosity of the gas. 
In the ranges of particle diameter and aerosol stretim velocity employed in 

the,experiments, collection due to the Bra-mian diffusion was negligible. Col- 
s lection by electrostatic forces ,was improbable since both the aerosol particles 

and the wires were uncharged. Gravity settling should also be unimportant with 
the wires in the vertical hosition. The collection due to 'interception was osti- 
mated to be less than 10 percent of the total collection in all caseo,'snd thus 
had very little effect on the shape or position of the resulting efficiency 
curve'. The curve drawn through the point8 in Figure 1, therefore, represents 
the eprimental efficiencies of jllertial impaction. 

The experimental cu17re is S-shape, characteristic of the inertial impaction 
mechanism on surface and body collectors. It Lndicates a critical value of49 
of appr0xFrratel.y 0.25, below which impaction does not occur. At high values of 
the Inertial parameter, the curve appears to be asymptotic to the value of VI = 
1. The accuracy and reliability of the result8 depend largely oa the homogeneity 
of the particle size and tha accura cy of the p,rticle size meaeuromento. The 
impaction efficiencies were reproducLble in terms of \Tq, in view of the ten- 
fold,variation in velocity, the three-fold variation fn particle size, and the 
insensitivity of the Owl for detect-ing small variations in the particle size. 

Compnrioons of the data for the two platinum wires show that the higher the 
Reynolds IUber, the higher is the impaction efficiency for the same value of 
the inertiai parsmotor. TheQoame observation can be mado on the two tugsten 
wires. TM.8 agrees with the theoretical conclusione. Comparison of the &ta 
for the l-mil platinum k'ire wit, h those for tho Z-ml1 -t?jngsten wire, and the data 
for the 3-1111 platinum wire with those for the 4-mil kmgaten witi, harever, 
t&w opposite effects of the Reynolds Xticr, i.e., 'the Impaction efficiencies 
on the 3-mil wire at lower valuao of the Reynolds Number are generally higher 
than those on the k-nil wire for corresponding value of $9. The explanation of 
this 18 not apparent. When those wires were observed under the microscope, it 
was noted that the aurfnco of tho p2ntinm wire wao much omoothor t&n tht of 
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the t&&m wire. Possibly the aerosol particles adhere to the ourfaco of the 
platinumbetter than to the tungntcn wire. 

Figure 2 is a plot of the oxporimental inertial impaction efficiency curve 
togother with the various theoretical curves proposod. The experimental curve 
agroee closely with that calculated by Land&l and Herrmann based on Thorn's 
flow line8 for the Reynolds Number of 10, up to JJr= 1.4. For values of J\t 

_ between 0.4 and 1.2, the data indicate impaction efficiencies eomewhat smaller 
* than those shown by the curve of Langmuir and BloQett and considerably smaller _ 

than the values of Sell, and of Albrecht. Thio 18 to be expected since the 
.I curves of Iangmuir and Blodgett, and Albrecht were baood on the potential flow : of an ideal fluid, and that of Sell was based on an observed flow pattern ob- 

' tained at large values of the Reynolds Number on a 10 cm..cylinder. No compari- 
son can be made with Davies' theoretical curve since it was based on viscous 
flow at a Reynolds Number of 0.2, far below the range attainable with the method 
used in the experiment. 

For values of \r* greater than about 1.4, the expwircental efficiencies a1ra 
.higher than those according to the curves of Langnuir and Blodgett, snd Landahl 
and Kerrmum. The reason for this discrepancy is not entirely clear. One point 

. to be noted is that, for high efficiencies of inertial tipaction, i.e., effi- 
ciencies approaching unity, the particle trajectories must be nearly parallel to 

: the direction of flow and the particles must cut across the streamlines upstream 
of the wire where the streamlines begin to spread. In etep-wise calculations of 
particle tra,jectories, it is not practical to start the calculation more than a 
fey diameters (of tho collector) up3trean. It is possibla that errors introduced 
by this could cause the calculr;ted impaction efficiencies in the'high efficiency 
range to be lob*er than the comect'values. 

The critical value of J@ at approximately 0.25 shown by the experimental 
Sapaction efficiencies agrees with the values of 0.3.and 0.25 e,xplicitb stated 
by Albrecht, and Iangnuir and Blodgett, respectively. The curve of Lsndahl and 
Herrmsnn also implies that the efficiency of inertial impaction is negligible at 
the value of & leas than 0.25. 

I 

PART II. CODLECTION EE'FICIENCY AR~PRESSURE DROP OF F&R M.!IS 

The theory of the collection of particles on fibrous filters ham been 
studied by Albrecht (l-), Langmuir (g), and Davies (3). Albrecht's theory ia 
based on the potential flow of an ideal fluid, a condition very different from 
viscous flow which ordinarily takes place in these filters. Langnuir'e theory 
takes into account only two mechanisms of collection, interception and Rrownian ' 
diffusion. The experimental dnte of LaXer (h}, and Rsmskill and Anderson (10) 
ohow that the mechanism of inertial Impaction also plays an important part E ' 
the collection efficiency of these filters. However, ttise authors have not 
evaluated this mechanism quantitatively. Davies' theory takes into account all 
of the nzoJor m=cchaniums of particle collection. Ho prop?ood an equation derived 
on theoretical grounds for the efficiency of the fibers fn tho filter. The 
presont work was conducted with the purpose of evaluntlm quantitatively the 
mechanism of inertial Impaction. 

Prascurc drop acrosn fibrous media has been studied on the.basie of tho 
hydraulic rc.diuo concept of Koseny (2) and Carmen (2). Daviee (1) studied the 
problem by dizznaional analycls. Iborall (4) and WuZr (8) dorivod thooreti- 
Cal equations for the pressure drop. The c&clusiono of thezo authors are not 
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in godd'agrccmcnt. Another objact'of the present work was to test the propoood 
equations expcrimcntolly. 

By assuiing (a) aU fibers in the filter mat are perpendicular to the di- 
rection of flow; (b) the fibers do not interfere with each other; and (c) the 
ends of fibers have ne$igible affect, tho follo.&q equations have been dorived 
for the collection efficiency and the pressure drop of the fiber mat: 

- . 

.I 

I 
'i AP = 

2pV$ .a hen 

(2) 

whera 
. 

Gat = collaction efficiancy of the fiber mat 

$J$io = fraction of particles penetrating the tit 
.’ 

* . cr = fiber volume fraction, 1.6.) volume of fibers per unit 
volume of mat 

. 

Df = diameter of fibers in the mat 

h = thLckness of the mat 
I 

P- density of the gas 

V. = volumetric velocity of the aerosol. stream passing the mat 

, 51 = total efficiancy of the single fiber 
_ _ . . . .._ 

CD - drag coefficient on the single fiber 
t 

In actual fiber mats, none of these assumptions is co&etoly justified. The 
approach folio-ded in the present work uas to use tho oquutiono aa bases for cor- 
raZoting the experimental data, incorporatiq all of the effects whic& were not 
already taken into account as an offactive fiber efficiency, qe, end an effective 
fiber drag coefficient, Cm, -- instead of 17 

The fiber mats 
and CD in the cq~cticos. 

used in tho present work were. for-mod rroa three typss -of 
glaso fibers made by Glas3 Fibers, Inc., 
yarns, and "1~" yarnn. 

Toledo, G!zto, unbonded "B" fibers, "450" 
Tho dLocLotars of the fibers woro measured under tLe ti- 

croscope and Were found to average 3.21, 6.24, ad 9.57 microns, respoctivoly. 
The mato wore formed by Azthlw D. Little, Inc., Cozbridgc, bhsoachuoetts. Four bulk densities of approximtoly 1.0, 1.3, 1.6, and 2.0 g./~c. were formed from 
euch tsp of fibor. 730 thickmoo of tho mats rangad from 0.13 to 0.22 cm. 
Moot m3tn wore uniform aftor tho binding agent had boon burned off. 
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The experimontul procoduro wao oimilru: to t&t folluwod on the Impaction 
single wiroo. Tho aoroool was diroctod to paoe tho mat which wao placed in a - -- - ._ 

ae 

Lucite holdor with the mat fnco porpondicular to tho direction of flow and tho 
presuuro.drop wns moanurod by mcane of inclined and ordinary manomotore. The 
co&&ion efficiency of tho mat wao calculated from tho quantitloo of acid col- 
lected on the mt and in tho filter train following tho mzLt as determined by 
titration with Gtandard sodium hydroxide oolution and by conductivity meauuro- 

- mont. 
Figure 3 showo the experimental collection efficiencies. The rangee of 

variables ropresontod are: diameter of aoronol particleo, 0.43 to 1.3 microno; 
.* volumetric velocity of aerosol &ream passing mats, 17 to 260 cm./nec./ Reynolds 

‘Number baaed on the fiber diameter, 0.04 to 1.4; fibor volume fraction, 0.045 to 
' 0.093; and thiclmess of mELt8, 0.13 to 0.40 cm. The collection efficiency on the 

mat8 ranged from 0.01~ to 0.998. 
I In the experiments, Brownian diffuoion, electrostatic attraction, and grav- 
iQ settling were negligible. The beet curves for the effective fiber efficiency 
through the points at the interception parameters (R r' DD/Df) of 0.1, 0.2, and' 
0.3, therefore, represent the total efflcJ.ency of tipaction, which includes the 
Inertial impction and interception officiencieo, and the effect of fiber inter- 

. fereocc, fiber enda, and non-uniformity on the total efficiency of impaction. 
At d/Q of approximately 0.4, inertial impaction becomes unimportant and inter- 
ception becomes the controlling mechanism as shown by the flattening of the 
curves. Rrie critical va>Je of J* of 0.4 is between tha values of 0.52 and, 0.3 
predicted by Lan&uir and Albrecht, respectively. It is greater than the value 

" of 0.2 obtained experimentally by Ram~kill and Anderson. Figure 3 shc;wethat 
the mechanism of inertial impaction can be represented qtlentitatively in terms 
of the effective fiber efficiency..' 

Figure 4 shows the experimental pressure drop data correlated on the baais 
of the effective fiber drag coefficient. The ranges of variables are the oame 

* as those deecribed for the collection efficiencies since the measurements were 
t&on eirzultaneously, The pressure drop across the fiber mats ranged from 0.3 
to 30 cm. of water. The fibor volume fraction, (y, has a.marked effect on the 
effective fiber drag coefficient. The higher the volume fraction, the higher 
the effective fiber drag coefficient. The effective fib+er drag coefficient ces 
be predicted by means of a theoretical equation baeed on an idealized mat with 
ita fibere equally oriented in the three perpendicular directions one of which 
ie in the direction of flo4 and an empirical factor, 1 -I- 6Oal.8/h>,eO.3. Thie 
correction factor agreed with previouo conclusions in that the drag on the fiber 
increases with the fiber volume fraction and the drag decreases with the 
ReynoldB Rumber. Curves for this equation for (Y of 0.08, 0.04, and zero are 
shown in the figure. The figure aloo showa the theorptical and oomi-thcorotical 
C~&GR of Kozeny-Carmm, Davic~, Iborall, and wir. Calculated for (Y = 0.06, 
the averega fiber volume fraction in the expcrimcnte. Tf-,e Kozeny-C~.~ZZ, Davies, 
and Langmuir eq.lzEtiono all. predict the effective fiber drag coefficient to be 
inversely proportionalto the Roynoldz Il'umber, i.e., a straight line with a 
slop of -1 in'thio plot. The experimental data, however, Ghod a deftiite cur- 
vaturo . TM.0 indicate8 that the equationo of theoe authcrn, while applicable in . 
a limited range of the Roynoldn Ku&or for particular tEea of fibrcus media, 
are functionally incorrect. lberall'fl theoretical equation ("lberall I" in the 
figura) t;hove ap?,roxi:Ately the correct curraturo. The reason that his equation 
'predicts too high n p;usauro drop can be explained on thu baeis of hio erroncou8 
aseuml>tion that the drag force per unit length for fibers ~arnllol to the direc- 

/ 
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tion 6f flow wnG gxuntor than for fibers porpondicular to the flow. It la con- 
eluded that the prosouro drop ncrosa fibor mats can be correlated on the basis 

., 1.. 

of tho effective fibor drag coofflcient. 
: From Equations 1 and i and the reaulto of the experimental work, the opti- 

mum fiber mat can be derived for filtration of aerooola in the range In which 
inertial impaction if3 the important mechanism of collection, . 
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FILTRATION OF SUBMICRON SIZE 
BY FIBROUS MNDIA 

_. . . by 

. * 
. _ 

AEaosoIs 

C. Y. Chen, Research Aosociate 
.I Chemical Corps Contract No. DA-l~-lO843lL-47~9 

. . 
The object of this research is to study the filtration'of aerosol particles 

through a fiber mat both theoretically and experimentally. Much work has been 
done on the development of new filter material and on the measu=ment of penetra- 

.' tion of aerocols through filter material, but not much haa been done on the the- 
.omti~p,l prediction of the penetration of filter materials and on the experimental 

study based on the theorotlcal prediction. The preeent study is along thit3 line. 
. 

THEORY 
_.-.. . . 

' . . 
.For filtration of uncharged submicron size aerosols with uncharged filtering 

.medium, the pticles might be removed either by inertial impaction, direct in- 
.., 

terception or Brownian diffusion. To etudy the filtration of aerosols by fiber 
mate, it is necessary first to learn the filtration-or collection efficiency of 
a single fiber which coxposes the mat. 

For single fibers, the efficiency of collection of aerosols (77) by any mech- 
anism can be expressed as the ratio of the crass sectional area of the original 
etresm from which particlea of a given size are removed because their trajectories 
intersect the collector surface to the projected area of the collector in the 
direction of flow. The efficiency of collection by inertia impaction is a func- 
tion of \=I =(Cpp dp2 v)/(U/J df) ad Nfie; by direction interception, V is a function 
Of R = dy/df md RR,; aCd by diffUSiOn, fl i8 a fUC%iOn Of D = %1/V df and NRe. 
The collection by inertial impaction and diflfusion increases with \Ir and D,, re- 

-. 6p3Ctivdy, and alWay inCraaSa6 with increase of NRe, The importance of direct 
interception increases with increase of R and decreases with increase of 9 and D. 

Not much experimental work has been done on the collection efficiency of a 
single fiber especially under the conditions present duriw the filtration by 
fiber mats,, that is, very low Reynolds nux&er. ,Until recently, the calculation' 

: of collection efficiency by inertial impactionwas based on potential flow which 
can hardly be in the case in the fiber mats when the Reynolds number Is usually 
much less than 1. Davien(l) calculated the inertial impaction and direct in- 
terception on fiber8 assuming viscous flow. 
as a function of \k with R as a parameter. 

From his results, t7 could be plotted 
Davio~' reoults indicated that ine,-tinl 

impaction efficiency bu?q& on visc~ua flow is much lower than that calculated 
fram potential flow. Langmuir (2) has derived equations for predicting the col- 
lection efficiency of a single fiber by interception, by diffusion, and by inter- 
ception and diffusion CGtiicad.. Ho derived his equations from Lsmb's equation 
for viscous flo*r around .a cylinder tranoveroo to the flow. Figure 1 shows the 
collection officisncy by diffusion and lntorcoption at a Reynolds nu&er of lo-*, 
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An interooting concluoion from thnoo calculation5 is that the collection effi- 
ciency due to both offocte ie highor than the own of tho cfficioncioo duo to the 
individual offoc-to alone. The oame concluoion can be drawn from tho Davioo cel- 
ctiation of the combined offocto of inertial Impaction and intorcoptlon. 

The overall efficiency due to *inertial impaction, interception a& diffuoion 
lo very difficult.to calculate. A reasonable asoumption is that the overall ef- 
ficiency will be equal to the oum of,the efficioncioe due to inertial impaction 
and interception and that due to diffusion and interception. Calculated effl- 

- ciencles based on thio aooumptioa for 2 P and 3 P director fiber for different 
.s paxticlo oizc azd velocity are shown in Figures 2 and 3. 

The oriontation of fibers in ordinary fibor mats can be coneidered.es lying 
. between two extreme caBcB. Tn the first case, the fiboro are dispraed uniforral;i 

and far apart and the neighboring fibers are staggered with reepect to each other. 
In the second cuae, tpe fiber in each layer of mat Is lined up to form a group of 
capilla.2300. The ordinary fiber mat with high porosity approximate8 the firat 

In a fiber mat of the first ca6e with porosity approaching 100 percent,'all 
the fiber8 a-e available for collection. It is ponoiblo to express the ovcrell 

;,collection efficiency of thLa ideal fiber mat aa a function of individual fiber . 
!total collection efficiency 7 aa defined above. 

i 

N 4 1-E L . 
. -In-=-'lp-.- (1) 

No a ’ E a, 
-_ -. 

This equation applies only xh& tb'fibers are f&r awt and.there are no in- ' 
terferenco effects betmen neighboring fibero. Actually, the equation is ap- 
prorimteQ true for high porooity fiber mats. It is rennonable to eqreso the ' 
neighboring fiber interference effect EM a function of titerfiber distance, or 
a8 o function of porosity or&y for the 6am ty-pe of piat within a narrow range of 
Rynolbs nuzber. Thus, the following equation co31 be used to expre8a the fiber 
mat collectiozl efficiency. . 

F (E)has alimitlr lg value of 1 for 'jnats with porosity of 100 percent; it ie 
greater thclJl lwhen I& porosity docroaseo, and hns an egymptotic velus for low 
porosity mt3. The Afunction can be calculntad from prooouze drop meegJrenents 
acrooo the IXL~. For a fibor mat with porosity approaching 100 pcrcont with aJl 
the fibers trmsverna to t5ze flow, the proseurc drop CL-Z be expressed iz the fol- 
lowing foxa, banad on tha Langmuir equatlan for the drag force of 'a oinE;le cglin- 
der tranovoroo to the flow when iiae 1~ leoo than oao: 

16(1-c ) FL 
AP * 

2-k-L r;Ro dp2 g, 
(3) - 

/ 



. 

White (3) has shown that the vi~couo drag force for.a singi cylinder in a .' 
finite containor ie higher than that prcdictod by Lamb'8 equation for an ino- 
I.&cd cylinder. The deviation ie a function of tho ratio of the di6tanco between 
the.fibor and the container and the fibor diameter. It can be expreescd as a 
function of porosity for fiber mats to account for the effect of neighboring 
fibers. Thie function aloo has a limiting value of one for 100 percent porooity; 
it increasea to an aoymptotic value for low porooity mato and will be aprqoxi- 

- mat&y the ~amo function of porosity used above to describe the neighborLzg fibor 
interference effect on collection .efficioncy. Thud the preosure drop a.croaa the 

.I fiber mat can be ezzreesed as 
. . : - .._ 

. 
&(1-E). PL . 

Ap= 
2-h NRe l df2 gc 

l F (6) (4) 

From thie discuesion, we are able to calculate the penetration of 'a fiber 
mat from the physical factors of the mat (thickness, fiber diameter and poroaity), 
the pressure drop across the mat and the collection efficiency of a single fiber 
calculated for the operating conditions (velocity, particle density and diamter). . 

It is now possible to show whether a size of maximum penetration exists for 
a certain fiber mat from the calculation of the single fiber collection effi- 
ciency. Table I shms the results for mate of 3p and 2~ fibers. It i8 not sur-. . 
priaing from the table that the controversy concerning maximum penetration arises. 
It is simply due to the fact that only a few experinents have been carried out 

: under very limited experimental conditions. . . - 

TABLSI. PAPTICLE SIZE AT MAXIIWM PENETRATIO:~ 

Particle density = 1 g./cc. 
. 

For Fiber Size FoPI Fiber Size 
Average Qolocity' 3 micron.8 2 microns 

. ,- 
_ ._ . inmat . 

L 
cm./eec. 

dP dP 
micron8 micron8 

. . . 
.- 0.1' 0.2 0.45 . 

,;.. 
- 

0~28 0.19 0.23 0.16 
. 10 0.15 0.14 

40 0.11 0.10 
100 - 0.075 0.076 

. * 
- . 

. 

A ~LaXsr- Sinclair type homogoneoub liquid aeroool gonerator was built for 
this otudy with DOT c's aorofjol material. The particle size was moaourcd either 
by the lpolarization "Owl“, the growth mothod (4), or by the diffueion battory (5) 

. 
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* -’ 

, ‘.* 

. . . -. . . . . . 
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depon&ing on tho rango of the size'of the particles. Penetration through the 
mnt WCS moaoumd by the NRL-I?3 pontromotor. 'Extensive ponotration meaourcmonts 
on air-formed g glass fiber mats are in progress. The preaont mats ucod contain 
'a tiido range of fiber size.. Some of the initial experiments indicate that the 
theory is quite satiofactory. . 

Table 11 contains some experimental results compared with the theory aaou- 

ing the diameter of fiber is 3.5 microns. The actual size of the fiber0 has a 
wide range of distribution and.the avoroge size ie about 3.5 microns. 

.J 

L ‘. ' TABLE II. COMPARISON OF ExPERIKr!XrAL RESULTS 
. . WITB THEOXLTICAL PRXDICTION 

‘B, glass fiber mat porosity 98.&p; thickess 1.2 cm. 

Aerosol material: DOP; particle size, 0.3011 

. . 
. . 2)' . ._' 

rl by calculation 
. I -. Velocity From Expt. based on df = 3.5~ 

cm. /sec. 

* 26.8 2.29 x 10-2 2.58 x lo-2 

125:;3 
2.61 2.38 

._ 2.70 2.76 
2.98 
1.69 

_, 2.66 3.16 
3.85 . . 3.48 

0.89 4.35 4.18' 
. 

. 
coNcLUsIoNs 

From the experimental data available at the present; time, the results agree 
with the theoretical prediction fairly well. Additional experimental work is in 
prosesa. The results indicate that the penetration of a fiber mat for the flrot _ 
time can be predicted by theoretical calculation. Nno, the developent of a 
new filter material can be -de on a scientific basis rather than by a cut-snd- 
try method. The controversy on whether a msximum penetration size exists has 
been z,olved by thoorotical calculations and the experimental confirmation of the 
theory will be presented in the near future. : . 

I C I empirical correction for resistance of air to the movement of 
small particles (at room temperature and atmospheric prossure, 
C - 1 + 0.16/dp, w?mre dp is ~1~10 diameter in microns). 

bp - pnrtlcle diameter 

v - upstream velocity or avorngs velocity 

. 
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df= fiber almotor 

?BM = BXIK~.M diffuoion coefficient of aerosol particlqs 

L- 

AP - 

. gc = 

F(E) = 

. D= 

R= 

Q= 

pP = 

P= 

?- 

_ El 

. 

fraction of penotration,of aeroool, through fiber mk . ‘., 

thickneoa of fiber nnt 

pressure drop acro66 fiber mat 

lb. mAB5 x ft. . . __ 
converoion.factor, 32.2 

. lb. force x sec.2 

a tiction of porosity repreeentikg neighboring fiber inter-’ 
ference effect 

%M 
d.iffUSS.OIl parameter, - 

.- v df 
_ 

Interception pammeter, dp/df 

I 

inertia parmete~ ' 
CPp dp2 v 

18 p df . 
-. ,- -. 

particle density - . 

fluid density _, , 
_. 

fluid viscosity 
Q 

collection efficiency of a single fiber 

porosity of fiber mat 

L 

. . 
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. 1NFLUli;NCES 6F ELFCTROSTATIC FORCES ':'- . 
ON 'IRE DRPOSITION OF AEROSOLS .' ^ . 

: by . ' . 
_ _ .._ ..-- - -. ----- -.- - ._. -.. 

. 
H. F. Daemer 

. .I 
Ethyl Corporation Fellow in Chemical Engineering 

. . _' .-. 

112 recent years several stud.ies have been made on the'mec&nj,3m bg which 

particul~toa cnn b a removed from an aerosol. Although emphaeis has been placed 
on the inertial mechani3m of collection, the effects of 3maU. electrostatic 
charges G= the aerosol particle3 and on the collecting,surface must not be over- 
looked in promoting the collection efficiency. Msny natural aer03013 are elec- 
trically charged, aa sre Borne collecting surfaces euch as the fibers in a main- 

wool filter. Uncharged surfaces or aerosols raadily can be given an electric 
charge, thereby increasing the separation of psrticles from the aerosol. 

The.utilization of electrostatic forces in promoting aerosol deposition may 
be advantageous in several ways. The foremost advantage is the high collection 
efficiency (based on projected cross-sectional area of the collector) that is 
possible. Although a collection efficiency of more than 100 percent is not poo- 
sibla when only inertial forces are used, efficiencies of 10,000 percent or 
higher may be achieved if both the collector snd the aerosol are charged.* The 
COlleCLLiGLi efficiency using electrostatic forces reIcsin3 high even for sub- 
micron particlea~ although inertial force3 in thi3 case may be negligible. 
Another consideration is the fact that electrostatic mechanisms of collection 
require low aerosolvelocitiaa of flow acroaa the collecting surface. The pras- 
sure drop3 in the system connoquently will be much lower than would be the caaa 
for sinilar collection by the inertial mechanism. 

. The purpose of the current research is to investigate the mechanisms of 
aerosol deposition under the influence of electrostatic force3 and to indicate 

-the condition3 and types of equipment wherein electrical charging may be bene- 
ficial. 

-. ._ _ . _ _ i- -. ._. _ -. . ._ . ~. 

‘ 
THEORY i . 

Studies are being made of the motion of a-charged aerosol particle flowing 
past's sir.@ aphcrical collector Figure 1. 'The collection efficiency can be 
calcu,lated theoretically if the outer-moat limiting trajectory io 'kno;m for tho 
aerosol particles just grazing the collector. 

The differential equation3 of DOtim of a single aerosol pa%ticle approoch- 
ing the sp?m-icd. collector are given in Figure 2; The equation3 are derived 
fram force balance3 or the fluid resistance snd of the olectrostatic.forces of 

+Qhe collection afficlency ie defined a3 the fraction of the aeroeol re- 
moved frcm a tube of gas eubtendod by the collecting obktncle aa the ga3 flow3 

' past. / 
! .' 
I 
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attraction bctwccn (1) a charged collector and a chargod'aoroool (parmotor KE), . 
(2) a charged collector and it3 imngo in an uncharged aoroool particle (par=cter 
KI), (3) a charged acroool and Its image in an uncharged collector (pc.ranctc.rs 
&v=dI;S). The ocveral olcctroatatic forcca can be ehown to bo approximately 
adative. Potential flow otroamlinco and Stokea ' law are aloo uoed in doriving 
the equations. Since the differential equations have been made dimenoionlesot 
all of the experimental variableo are contained in the dimenoionleee parametera 

.EE, XI, &r, I% FGu-ro 3. 

Although the solution of the two oimultaneouo differential equationa is 
.I possible only by a numerical method, order of magnitude solutiono may be obtained 

'by Ignoring the bendin, 0 of the air streamlines around the spherical collector 
' and by considerin, r Or&y one COlkXtiOn parameter, SD, KI, .&s or KM, at R tim. 

The numerical solution of the trajectory equation8 has been completed by 
means of the electronic digital computer, the IILIAC. Collection efficiencies 
were calculated for a range of values of the four parametera, I$, KI, KS and $1. 
Some of the results are shown in Figure 4. 

In order to interpolate between oolutiona obtained with the computer, the' 
collection efficiencies and the collection parameter0 may be correlated by curve- 

. fttting with a high-order multivariate polynomial. 

- ! ) . - . 

ExpE=Rxbm,AL EQUIFXSNT'AND'PBOCEDURE 

The equipment ie shown in Figure 5. A- dioctylphthalate (DO?) fog Is pro- . 
duced by condensation of the vapor In the presence of salt nuclei. The particle 
diameter is about 0.8 ~0.2 micron. The aerosol is charged electrically by PBS- 
lng it through coexial electrodes in a state of corona. Charges of +lO to -e&3 

A heocription of the mechanism of the c'harg- electronic units can be obtained. 
ing proceso and of the method of measuring the chargeo on the aerosol particles 
wa8 given at the Ames Conference in 1952. 

The charged aerosol then flow8 past the spherical collector which Lo a 7/16” 

steel ball mounted on the end of a semi-conducting cone. The cone acts as an 
electrostatic shield around the wire connecting the sphere to a high voltage D.C. 
power supply (O-10,000 Volta). Without it, the electric charge on the wire af- 
fects the collection on the sphere. 

The electricnl.charge on the aerosol ia determined from the deflection of a 
streamer of aerosol flowing in a traneverse electric field. The aerosol i.s 
carrisd.through the field by u envelope of moving air. The size of the @rti- 
cles io measured by the "Owl." and by a high velocity caocade irrpsctor. Tho ma88 
concentration of the aerosol io determined by-precipitation of a sam@e'-In a l 

amall glass and platinum Cottrell precipitator. 
The collection efficiency is determined experimentally by mea&ring the 

amount of aerosol de;2oaited on the sphere and in the sampling Cottrell precipi- 
tator. The DOP is removed from the collecting ourfacee,by washing with ethyl 
alcohol md the concentration.found'by ultra-violet 8pectrophotometry. Collec- 
tion on the Bphere rangea.from 1 to 10 micrograms of IXX? per minute? 

The pre1imFnar-y tits are ohown id Figure0 6 and 7. The inertial para-,otcr\k 
Is aboat 10-h. According to theory, the inertial forcon should theraforo have a 
negligible effect on tho ddpooition. 
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The actual colltiction agree:, approximately with that predicted by thoorjr. 
In the case of the uncharged ooroool flowing pear a chtrrged collector; the data 
have a high oxporimcntnl variability on account of the omall amounta of DOP that 
were. collected and moooured. 

In Figure 7 the data are plotted verauo a modified parameter. Whenever B 
collector ie grounded, even through a&high reolst~cti, charge8 are induced on 
the collector by all the surrounding charged particles. This induced charge 
occur6 in addition to the image and void space effecte deocribed by the param- 
eters ?& and KS. The induced charge ia calculated by an integration proceso and 
Its contribution to depooition is combined with tF&t of the X& parameter. The 

*' combined parameter is KS. Figure 7 IUustratee data in which the induced charge 
reeultlng from grounding the collector was the maJor factor influencing deposi- 

* tion. . 

I'RUIMINARY CONCIXSIONS 

A practical application of electrostatic forcee 18 illuetrated in the uBe 
of charged weter droplets for collection of aeroeol parU.clen which themelves 
are charged by passage through a corona discharge. An electrified wet ecrubber 
would have several advantages over both the conventional wet cyclone slid the 
Cottrell precipitator. Compared to a conventional scrubber, the electrified 
scrubber should provide better removal of submicron aerosol particles. Con- 
versely, it would require leeo water and could operate at lower velocities and 
pressure drops for the same effi,ciency of aerosol removal. Furthermore, it 
would have several advantagea over the Cottrell precipitator. The precipitated 
material would be removed contimroualy on the skrfaceo of the aprey dropletn, 
the&by elizinating the problems often encountered in precipitating dusts t3et 
have a tendency for recntrainment. The retention t'ime in an electrified scrub- 

' her woald be lower than in a CottreU precipitator because &n aerosol particle 
must travel a shorter distance to the neareot spray droplet. Aloo, the e,lec- 
trified Bcrubber would be operated at relativ&y lower voltages (1000 to 10,000 
volts) eqace the collection diatancea are smaller. 

An electrified spray scrubber ia now.being conetruc+ed to evaluate ita 
potentlalitief3. I 'I' 
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- A@r Velocity df Amos01 Particle 
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2rC sin@ 

dt : - 

Radiaf Velocity of Aeroeol Particle .., ._ 
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